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Introduction
GaAs/InGaP HBTs have been widely studied and have found several commercial applications, including in power amplifiers for mobile phone handsets. 1 They hold an advantage over similar GaAs/AlGaAs HBTs because of the lower conduction band offset and higher valence band offset of the GaAs/InGaP heterojunction, resulting in improved collection efficiency. 2, 3 In addition, they avoid oxygen-related defects associated with AlGaAs layers and have superior wet-etching selectivity to GaAs/AlGaAs heterostructures.
GaAsxP1-x with 0.8 < < 1 can be substituted for GaAs in the base and collector layers, while still using an InyGa1-yP emitter with adjusted to keep the emitter lattice-matched to the base and collector. At these compositions of GaAsP, there is not a significant decrease in electron mobility from GaAs. 4 The use of GaAsP instead of GaAs offers several advantages.
The higher band gap of GaAsP allows for higher breakdown voltage. In addition, there has been recent interest in monolithic integration of III-V transistors with Si CMOS circuitry. 5-7 With decreasing As content, the lattice constant of GaAsP decreases, getting closer to that of Si. The reduced lattice mismatch simplifies growth of III-V device layers with sufficiently low defect density. Lastly, the coefficient of thermal expansion (CTE) of GaAsP is lower than that of GaAs and closer to that of Si, reducing the likelihood of the III-V epi-layers cracking due to CTE mismatch between the films and the substrate. 8 In this work, we demonstrate GaAsP/InGaP transistors at a range of compositions from = 0.825 to = 1 (GaAs). These devices are grown on GaAs substrates rather than Si substrates. This is to decouple the effect of GaAsP composition from that of any defects formed due to the high lattice mismatch between the device layers and Si as well as from the III-V on group IV interface.
Experimental

MOCVD Growth
All epitaxial structures were grown in a Thomas Swan/Aixtron cold-walled 6x2" metalorganic chemical vapor deposition (MOCVD) reactor with a close-coupled showerhead configuration. Trimethylgallium (TMGa), trimethylindium (TMIn), AsH3, PH3, Si2H6, and
CBrCl3 were used as precursors. The total reactor pressure for all samples was 100 Torr and N2
was used as a carrier gas. The susceptor rotation speed was 100 rpm. Growth rates were approximately 0.55 nm/s for GaAs and GaAsP and 0.35 nm/s for InGaP.
Four HBT structures were grown with GaAsxP1-x compositions of = 0.825, 0.873, 0.941, and 1. Table 1 shows the generalized epitaxial structure. All samples were grown on n+ (100)
GaAs substrates, with a 6° offcut towards the nearest <111>B direction. This particular offcut was chosen because GaAsP or GaAs grown at temperatures above 600 °C on (100) SiGe or Ge, respectively, with a 6° offcut towards the nearest <111> direction will adopt this orientation. 9 A tensile GaAsxP1-x compositionally graded buffer was used to reach the desired lattice constant for the final device layers. A compositional grade rate of 0.2% strain/µm was used, resulting in buffer thicknesses varying from 0 nm ( = 1) to 4 µm ( = 0.825). This low rate was chosen to avoid formation of cracks or so-called "faceted trenches" due to the tensile strain, rather than strain relaxation through plastic deformation. 10, 11 The InyGa1-yP emitter layer was grown with a composition lattice-matched to the GaAsP layers directly above and below. A 5 s purge step, holding group V precursor flow rates constant from the previous layer, was implemented while switching from GaAsP to InGaP and from InGaP to GaAsP. The graded buffers were grown with a substrate temperature of 725 °C to increase dislocation glide velocities and therefore relaxation of the films. 12 Device layers were then grown at 650 °C, except for the GaAsP base layer, which was grown at 600 °C to increase the incorporation of the C dopant. 13 All temperature ramps were executed with a group V overpressure (mixed AsH3 and PH3) but with no group III precursor flow.
Film Characterization
Lattice constant of the films-and by Vegard's law, their composition-were measured using high-resolution x-ray diffraction (XRD) using a procedure described previously. 13 Film thicknesses and morphologies were verified using cross-section transmission electron 
HBT Fabrication and Testing
The HBTs were fabricated with concentric circular emitter and base mesas. A schematic cross-section of the finished devices is shown in Figure 1 . The emitter mesa diameters, which define the size of the emitter-base junction, range from 15 µm to 240 µm. The emitter mesa was etched using a two-step process. First, the GaAsP contact layer was removed using H2SO4:H2O2:H2O = 1:1:10; then, the InGaP emitter was removed using HCl:H3PO4 = 1:1. The H2SO4 etchant has been shown to not etch InGaP and the HCl etchant not to etch GaAs. 14, 15 Even with = 0.825, the HCl etchant is still highly selective against GaAsxP1-x and therefore does not etch into the base region. The base/collector mesa was then patterned using the H2SO4 etchant, timed to stop in the subcollector layer. The samples were dipped in H2SO4:H2O = 1:10 for 60 s to remove any native oxide and then a 10 nm Al2O3 passivation layer was immediately deposited by atomic layer deposition (ALD). The Al2O3 was removed with 7:1 buffered oxide etch in the areas underneath the contacts before metal deposition. Non-alloyed emitter, base, and collector contacts were all deposited simultaneously by e-beam evaporation of Ti/Pt/Au (5 nm/40 nm/120 nm) and patterned by lift-off. Devices were electrically tested at 300 K using an Agilent B1500 semiconductor parameter analyzer. Roll-off of both and at high is caused by series resistance at the emitter ohmic contact. This series resistance worsens as decreases because of the increased band gap of the GaAsxP1-x emitter contact layer. This could be mitigated by adding a mismatched n++ GaAs or
HBT DC Characteristics
InGaAs contact layer to all of the devices. In addition, contact resistance could be improved by using a separate alloyed Ge/Ni/Au contact to the n-type emitter and collector. A DC current gain ( ) of over 100 was measured for all GaAsP compositions at relatively high collector current densities ( ), greater than about 20 A·cm -2 . The only exception was the device with = 0.825, where could not reach this value due to series resistance and only reached 60. However, is reduced at lower current densities. The main sources of -which limit at lower current densities-can be ascertained by observing how varies with active layer composition, with , and with emitter-base junction area ( ).
For a given , does not change appreciably with GaAsP composition. With decreasing , the valence band offset between GaAsxP1-x and lattice-matched InGaP is expected to decrease. 
Collector Current Behavior
The collector current of GaAs/InGaP HBTs has been previously modelled as thermionic emission of electrons from the emitter into the base, due to the sharp peak in the conduction band created by the abrupt emitter-base junction. 2 These injected electrons diffuse across the base, combining only slightly with majority holes, into the collector. Therefore, collector current can be written as:
where is the area of the emitter-base junction, * = 4 * 2 /ℎ 3 is the effective Richardson constant for thermionic emission and is the activation energy for injected electrons-the difference between the Fermi level in the emitter and the top of the conduction band peak at the emitter-base interface. Equation 1 can also be extended to the GaAsP/InGaP system. As in Kobayashi, et al., the conduction band offset (Δ ) can be written in terms of known quantities:
where , is the band gap of the base, is the base-emitter voltage, 1 is the energy difference between the Fermi level and conduction band edge in the neutral emitter, and 2 is the energy difference between the Fermi level and the valence band edge in the neutral base. , the collector current ideality factor, can be measured directly from the vs curve. 1 Therefore, can be modeled solely by diffusion of electrons across the quasi-neutral base layer, which can be written as:
where , is the diffusivity of electrons in the base, is the quasi-neutral base thickness, , is the intrinsic carrier concentration in the base, is the p-type doping level in the base. 
Conclusions
This paper demonstrates the DC performance of GaAsxP1-x/InyGa1-yP HBTs of multiple compositions (ranging from = 0.825 to = 1) grown on GaAs substrates. DC current gain nearing 100 is measured for 60 µm diameter devices of each composition, and is shown not to vary significantly as a function of composition for a given . Mechanisms behind are identified for different regimes. For low current densities and smaller device sizes, is caused by SCR recombination at the perimeter of the device. For higher current densities and larger device sizes, is caused by a combination of QNR and SCR recombination across the entire area of the emitter-base junction.
is shown not to be limited by thermionic emission over a barrier formed by the conduction band discontinuity between the InGaP emitter and the GaAsP base. Modeling as diffusion of electrons across the quasi-neutral base agrees well with measurements for the GaAs/InGaP HBT, but underestimates measured for all GaAsP/InGaP devices by almost 10 times. Features such as higher transconductance and more convenient lattice constants portend GaAsP/InGaP HBTs as candidates for integration into silicon CMOS platforms.
